Abstract Transportation corridors that pass through mountainous or hilly areas are prone to rockfall hazard. Rockfall incidents in such areas can cause human fatalities and damage to properties in addition to transportation interruptions. In Malaysia, the North-South Expressway is the most significant expressway that operates as the backbone of the peninsula. A portion of this expressway in Jelapang was chosen as the site of rockfall hazard assessment in multiple scenarios. Light detection and ranging techniques are indispensable in capturing high-resolution digital elevation models related to geohazard studies. An airborne laser scanner was used to create a highdensity point cloud of the study area. The use of 3D rockfall process modeling in combination with geographic information system (GIS) is a beneficial tool in rockfall hazard studies. In this study, a 3D rockfall model integrated into GIS was used to derive rockfall trajectories and velocity associated with them in multiple scenarios based on a range of mechanical parameter values (coefficients of restitution and friction angle). Rockfall characteristics in terms of frequency, height, and energy were determined through raster modeling. Analytic hierarchy process (AHP) was used to compute the weight of each rockfall characteristic raster that affects rockfall hazard. A spatial model that considers rockfall characteristics was conducted to produce a rockfall hazard map. Moreover, a barrier location was proposed to eliminate rockfall hazard. As a result, rockfall trajectories and their characteristics were derived. The result of AHP shows that rockfall hazard was significantly influenced by rockfall energy and then by frequency and height. The areas at risk were delineated and the hazard percentage along the expressway was observed and demonstrated. The result also shows that with increasing mechanical parameter values, the rockfall trajectories and their characteristics, and consequently rockfall hazard, were increased. In addition, the suggested barrier effectively restrained most of the rockfall trajectories and eliminated the hazard along the expressway. This study can serve not only as a guide for a comprehensive investigation of rockfall hazard but also as a reference that decision makers can use in designing a risk mitigation method. Furthermore, this study is applicable in any rockfall study, especially in situations where mechanical parameters have no specific values.
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Introduction
Construction of expressways that pass through rocky topography usually involves cutting vertical slopes by using blasting techniques. However, it can result in falling or sliding of large blocks of rock downslope, posing constant danger to motorists by blocking the highway and impeding traffic flow, or worse, by causing accidents that lead to injury or death. Since rockfall frequency and magnitude vary temporally and spatially, eliminating the risk is difficult (Lan et al. 2010) . Thus, rockfall hazard prediction is necessary to protect human life and property.
The accuracy of DEM can strongly affect the result of rockfall modeling (Blahůt et al. 2013; Bühler et al. 2014) . Numerous techniques can be used to ensure the accuracy of DEM. Today, new light detection and ranging (LiDAR) technologies are widely used in geohazard management including rockfall hazard assessment (Barbarella et al. 2013; Kenner et al. 2014; Rieg et al. 2014) . LiDAR techniques can provide a high-resolution, spatially accurate digital model of physical features called point cloud (Lato et al. 2012) . Therefore, both airborne and ground-based LiDAR survey techniques are considered as indispensable tools in accurately capturing dense information to facilitate detailed topographical analysis.
The use of 3D physical rockfall process modeling combined with geographic information system (GIS)-based rockfall distributed simulation is considered a beneficial tool in the assessment of rockfall hazard on a regional scale (Antoniou 2013; Macciotta et al. 2014; Flentje et al. 2015) . Such models can provide a comprehensive picture of rockfall hazard in terms of rockfall trajectories and their characteristics (frequency, velocity, height, and energy). A combination of these factors must be considered in rockfall hazard assessment. Moreover, these elements can effectively assist in designing rockfall elimination or mitigation methods. Simulation programs based on a probabilistic lumped-mass analysis approach are most frequently used to mitigate rockfall phenomena and design remedial measures. The lumped-mass approach enables simulation of falling rock in various motion modes (flying/free falling, bouncing, and rolling/sliding). The input parameters for rockfall simulation models can be classified into geometric parameters including slope and rock characteristics; and mechanical parameters such as normal (Rn) and tangential (Rt) coefficients of restitution, as well as friction angle (Gigli et al. 2014) . The coefficients of restitution are the most crucial parameters that affect the results of rockfall analysis and simulation (Li et al. 2015; Sabatakakis et al. 2015) .
Analytic hierarchy process (AHP) is an organized method that assists researchers in making complex decisions. Rather than identifying a proper decision, AHP helps users to choose one. AHP provides a rational and comprehensive framework for structuring an issue, quantifying and representing its factors, evaluating alternative solutions, and relating those factors to a major objective (Bolin et al. 2010) .
Rockfall, especially on expressways, results in significant social and economic losses in Malaysia. Such events are mainly caused by flash floods; moreover, tropical precipitation induces rock terrain failure on joints, split planes, and fractures. The North-South Expressway (NSE) or also called PLUS is the most significant expressway in Malaysia. The NSE extends from the Malaysia-Singapore boundary in the south to the boundary with Thailand in the north, connecting many significant towns and cities and serving as the backbone of the west coast of the peninsula. This expressway contributes to national economic growth through its role in trading, social activity, and tourism. A portion of the NSE in Jelapang was chosen as the site of a rockfall hazard study for several reasons. First, rockfall incidents frequently occur in this area. Second, the area is located in the direction of two faults, which may increase the probability of rockfall. Third, the slope in this region is prone to instability; it is categorized as a cut slope with high risk based on the slope steepness and the rocks weakness and discontinuity along the cliff face, and can therefore be hazardous to motorists. Therefore, rockfall hazards should be assessed in this part of the NSE. Airborne laser scanning and 3D rockfall model are used to simulate the modeling of rockfall hazard in multiple scenarios along the NSE corridor. This study aims to determine rockfall trajectories and their characteristics in terms of rockfall frequency, velocity, height, energy, and consequently, rockfall hazard along the NSE, to demonstrate the effect of mechanical parameters on rockfall behavior and to select an ideal barrier location that can eliminate such a hazard. The current study can help highway authorities in fulfilling rockfall preparedness and damage alleviation tasks.
Related Studies
To determine an embankment geometry and examine the hazard as well as to evaluate the protection adequacy of the embankment after its inclusion in the DEM, Lambert et al. (2013) used a 3D rockfall model to analyze rockfall trajectories. Their findings showed unusual trajectories in the embankment surrounding area, indicating restrictions on both the spatial resolution of the terrain model and the rebound model. In another study, Bourrier et al. (2009) proposed an approach to develop a stochastic impact model correlated with an objective in situ information capturing technique. To evaluate the efficiency of the proposed approach and to assess the minimum amount of in situ information needed to derive modeling results with an adequate predictability level, a rebound calculation procedure based on the coefficients of restitution combined with 3D rockfall modeling was used in calculating simulated rock velocity after bouncing over the slope surface. The simulation results were compared with those derived from an in situ rockfall experiment. The findings showed that the simulation adequately estimated the experimental results. In a study by Crosta and Agliardi (2004) , a 3D parametric model was used to systematically evaluate the effect of various dominant elements on rockfall trajectory dispersion. Parametric modeling was conducted at various spatial resolutions through a set of simplified slopes characterized by various degrees of roughness and mean inclination. The result of modeling showed a compound dependence of lateral dispersion phenomenon on the model spatial resolution, slope roughness, and slope mean gradient. Moreover, the result of the model sensitivity in terms of kinematic motion variables, such as height and velocity, to the elements that dominated lateral dispersion was assessed, resulting in practical constraints on hazard assessment and countermeasure design.
Study Area
A portion of the NSE corridor in Jelapang, Malaysia, was chosen as the study site (Fig. 1 ). This area is located at approximately 4°41 0 15 00 N-4°41 0 42 00 N latitude and 101°0 0 15 00 E-101°1 0 9 00 E longitude. As mentioned, because of the construction process of the expressway, the slope in this area is cut slope with high risk. This area experiences frequent mass movements that cause rockfall; furthermore, the level of annual precipitation is high, ranging from 2500 to 3000 mm. This area experiences two noticeable rainy seasons, namely, from February to May and from September to December; precipitation is maximized from March to May and from November to December. The geomorphology of the region is composed of a hilly terrain and an undulating plateau. The geology of the area mainly consists of Devonian and Quaternary granite (Yusof et al. 2015) . Nonetheless, many rockfall events have occurred along the PLUS expressway.
Materials and Methodology

Data Used
LiDAR
Traditional surveying techniques are severely restricted in terms of gathering spatial datasets to generate DEM needed in rockfall modeling (Salvini et al. 2013) . Over the previous decade, new remote sensing technologies have increased the amount of topographic information generated considerably, thereby providing a basis for the development of new methodologies to analyze earth surfaces. The utilization of recent techniques such as LiDAR has increased quickly in the field of geohazard modeling and assessment. Airborne and terrestrial LiDAR surveys are currently essential to the analysis of detailed topographies (Barbarella et al. 2013 ). In the current study, airborne laser scanning (Table 1) was conducted to obtain a high-density point-cloud LiDAR vector; point data were gathered from *6 km 2 of the Jelapang corridor and the surrounding region. The recorded data had approximately 10,353,240 data points with density of (3-4 pts/m 2 ). As usual, post-processing techniques, including filtering and interpolation, were conducted to derive a highly accurate DEM. Thus, a high-resolution DEM (0.5 m) was generated.
Coefficient of Restitution
Physical or mechanical parameters (coefficients of restitution and friction angle) are significant inputs for rockfall simulation (Asteriou et al. 2012) ; these factors control block bouncing, velocity magnitude, and rockfall trajectory analysis (Asteriou et al. 2012; Lato et al. 2012 ). In addition, the loss of rock boulder energy on impact is indicated by the restitution coefficient (Keskin 2013; Samodra et al. 2014; Sabatakakis et al. 2015) . The coefficients of restitution and friction angle were considered to be crucial parameters in the simulation of rockfall hazard. Multiple scenarios of rockfall trajectories were derived on the basis of a range of mechanical parameter values (Table 2) . These values were extracted based on both the terrain type and geological setting of the study area as reported in the literature (Asteriou et al. 2012; Akin et al. 2013; Chen et al. 2013; Keskin 2013; Singh et al. 2013; Wang et al. 2014 ).
Identification of Rockfall Source Area
After the DEM was derived, rockfall source regions were identified through multi-criteria method. The method involves slope threshold angle (Heckmann and Schwanghart 2013) , which is the most common approach for rockfall source identification, and sets a slope angle greater than 45°in addition to another criterion such as terrain type and DEM derivates (curvature and topographic contrast in addition to slope angle) (Macciotta et al. 2014) . A sharp topographic contrast is associated with unexpected change in the slope angle, which assists in determining the existence of steep slopes with probable block detachment. Topographic contrast can be accessed through the combination of the DEM (original DEM) with a smoothed DEM using a mean filter. The smoothed DEM is subtracted from the original one, and a positive value denotes a high segment of steep slopes.
Rockfall Trajectory Modeling
After rockfall source areas (seeder points) were defined, rock properties were set, as shown in Table 3 . Rockfall trajectory process modeling was performed using a 3D physical rockfall process integrated into GIS software (Lan et al. 2007 ). The kinematic algorithms used were based on the most popular approach for rockfall simulation (lumped mass), which enabled the rockfall modeling in different motion modes (flying/free falling, impact and rebound, and sliding/rolling) on the 3D frame. In this study, ten blocks are thrown on each seeder point with various directions to mimic the uncertainty of falling direction because default direction is the same as the cell flow or aspect direction where a particular seeder point is located. The rockfall trajectory modeling was conducted in multiple scenarios based on the range of values of mechanical parameters (Table 2 ).
Rockfall Characteristics
A rockfall characteristic raster was derived based on the result of rockfall using rockfall raster modeling to demonstrate the rockfall spatial distribution involving frequency, as well as flying or rebound height and energy. These factors are crucial for the final production of a rockfall hazard map. The process of deriving the raster of rockfall kinetic energy consists of the following four steps:
1. A raster with 0.0 cell value is generated. This raster is basically similar to the original input DEM raster in terms of cell size, extent, and georeference system. 2. Topological analyses are conducted to create a kinematic energy raster based on rockfall trajectory velocity and mass of rock. A sample value represents the highest rockfall kinetic energy is allocated to every grid. A sample value is allocated to every grid at this step; these values remain 0.0 if no rockfall trajectory surpasses their values. 3. A number of cells retain a value of 0.0. However, this outcome does not indicate that the cells escape the rockfall effect; for instance, the cells closest to those with 20 kilojoule cell value are certainly at risk. At this step, spatial statistical interpolation is performed to estimate the cell value when the risk is unknown and a new raster is generated. 4. A focal analysis of the neighborhood is conducted on the raster obtained in step 3 to derive a continuous surface of the estimated energy of rockfall. The cell value identifies the spatial potential of rockfall energy.
The same procedure is used to generate a frequency raster and a flying or bouncing height raster, with the only difference occurring at step 2. Rockfall frequency topological analyses are conducted by determining the spatial relationship between each DEM cell and the 3D rockfall trajectories. At this step, a sample value is allocated to each cell, and this value remains 0.0 if no rockfall trajectory surpasses its value. If one rockfall trajectory exceeds this value, then the cell is assigned a value of 1.0; when two rockfall trajectories surpass a certain value, a value of 2.0 is assigned to the cells. For the flying or bouncing height raster, which reflects potential energy on the land, the highest trajectory height is allocated to the grids where the flying or bouncing occurs.
Weight of Rockfall Characteristics
Rockfall characteristics (frequency, height, and energy) were considered in spatial modeling to derive the rockfall hazard map. However, each element has a different effect on rockfall hazard. Therefore, expert opinion was included to obtain a suitable weight for each rockfall characteristic raster. Analytic hierarchy process (AHP) is a useful tool that provides a simple decision-making technique for complex issues with multiple targets, multiple standards, and no structural characteristic; this technique works by mathematizing the decision making through processes that use minimum quantitative data. AHP was applied in the current study to obtain an appropriate weight for each rockfall characteristic. First, a questionnaire that includes the main goal (rockfall hazard assessment) and the criteria (energy, frequency, and height) was prepared. Since the hierarchy had been structured, the decision factors were differentiated by pairwise comparison in terms of their significance with respect to their dominant criteria. In particular, the decision makers were requested to answer pairwise comparisons in which two factors at a time were in contrast to their contributions to rockfall hazard assessment. The comparative significance values were specified on a nine-point scale known as Saaty's fundamental scale (Saaty 1980) . The questionnaire was sent to several experts in geological engineering. The opinions of these experts were considered and geometric mean was applied to derive the appropriate intensity of the importance of rockfall characteristics. The geometric Fig. 2 Rockfall hazard map workflow mean is a type of average that specifies the typical value or central tendency of a set of numbers by utilizing their value product relative to the arithmetic mean that utilizes their sum. The geometric mean is known as the nth root of the product of n numbers.
Using a geometric mean ''normalizes'' the range being averaged so that no range controls the weight, and change of a given percentage in any of the characteristics has a similar influence on the geometric mean. 
Rockfall Hazard Map
Rockfall hazard maps are generated through a spatial model that considers all aspects of the rockfall characteristic raster in five scenarios. Figure 2 shows the procedure to generate the rockfall hazard map. First, the rockfall characteristic raster, including kinematic energy, frequency, and flying or bouncing height, are inputted. Second, this characteristic raster is reclassified based on the same classification criterion. Different reclassification techniques are provided in GIS, such as natural breaks and equal intervals. As a result, a new raster with changed grid values is generated, which indicates the rockfall physical characteristic level. For example, when the kinematic energy raster is reclassified into five classes, a value of 5 represents the maximum kinematic energy and a value of 1 represents the minimum kinematic energy. Third, spatial modeling is implemented by assigning various weights, which are obtained from the AHP approach, to the reclassified raster of rockfall characteristics. Thus, rockfall hazard maps are created. Finally, the rockfall hazard map is reclassified to indicate various levels of hazard along the expressway.
Mitigation Measures
In the design of protective measures against rockfall hazard, such as barriers, fences, and sheds, information on impact energy must be collected to determine the strength of the structure in addition to data on rockfall trajectories such as height to identify the location and size of the rock fragments (Wyllie 2014) . To mitigate rockfall and design mitigating measures, simulation programs are frequently used on the basis of probabilistic lumped-mass assessment models (Asteriou et al. 2012) . Therefore, the optimal barrier location is determined in this study based on limited energy and bouncing height to reduce rockfall hazards. The simulation procedure described in this paper is repeated with a 5 m barrier to highlight its efficiency in the chosen location.
Results and Discussion
Rockfall Trajectories and their Characteristics
The rockfall source areas (seeder points) resulted in approximately 2400 rockfall trajectories in each scenario. Figure 3 shows the rockfall trajectories in multiple scenarios based on the range of mechanical parameters (coefficients of restitution and friction angle). The figure indicates that the rockfall trajectories in terms of run-out distance is strongly affected by the mechanical parameters. For instance, in the first scenario, which has the lowest values of mechanical parameters, some of the trajectories stop on the slope surface and another blocks the expressway, but few of them cross the expressway. In the fifth scenario, most of the rockfall trajectories cross the expressway because of the highest values of the mechanical parameters. The other scenarios range between these two conditions. Moreover, the figure illustrates the rockfall frequency, which varies along the expressway. However, the highest frequency occurs from station 285.15 to 285.18 and from 258.30 to 258.40 in almost all scenarios. Figure 4 demonstrates the rockfall profiles of one trajectory and the same trajectory in each scenario. The location of start or release point of the profile is 101°0 0 53.238 00 E and 4°41 0 33.796 00 N. These profiles include rockfall trajectory, slope surface, and velocity. They indicate the difference in rockfall Fig. 4 Cross sections of a rockfall trajectory in the five scenarios characteristics with respect to run-out distance and bouncing height. These two variables increase when the values of Rn, Rt, and the friction angle are increased; thus, the stopping distances (final deposition) in the first and fifth scenarios are approximately 90 and 200 m, respectively. The change in rockfall behavior from flying/bouncing to sliding/rolling and vice versa in the same trajectory is clarified as well. This occurrence is attributed to a change in acceleration and slope surface. The velocity also changes based on the motion mode. This factor was increased in the flying/bouncing mode and decreased in the sliding/ rolling mode, especially at the impact point (intersection point between flight path and slope plane). It also shows that the rock was stopped on slope surface in the first and second scenario but in the third it stopped on the expressway, whereas the rock was crossed the expressway in the fourth and fifth scenario. Rockfall height varies in different scenarios because of the difference in mechanical parameters. The maximum height was observed in the fifth scenario (45 m), which has the highest values of mechanical parameters. However, most of the rockfall trajectories height is less than 5 m in all scenarios that support the suggested barrier height in the current study. Moreover, the presence of barrier has stopped rockfall trajectories and thus eliminating rockfall hazard by increasing the height of barrier. Whereas, with decreasing the barrier height the efficiency will decrease. The rockfall velocity ranges from 0 to 40 m/s in the first and second 
Ahp
Rockfall characteristics (energy, frequency, and height) are considered in implementing the AHP approach. The values of intensity of importance vary for the same criteria based on the difference in expert opinions. Therefore, geometric mean was applied to obtain the appropriate value of importance intensity for each criterion, and then the result was rounded to an integer. After rounding, a Table 4 . The comparison matrix corresponding normalized right eigenvector and principal eigenvalue show the comparative significance of the various criteria. The result matrix after the normalizing process is shown in Table 5 . After the matrix was normalized, the weight for each rockfall characteristic was derived, as shown in Table 6 . The other values of AHP implementation are shown in Table 7 .
Rockfall Hazard Map
After the weights of rockfall characteristics were derived, spatial modeling was conducted based on rockfall energy, frequency, and height. The result of the implementation of spatial modeling was the rockfall hazard map of the study area in different scenarios. Figure 5 shows the rockfall hazard in multiple scenarios without and with a barrier. The map was also classified into five categories ranging from very low to very high. The rockfall hazard varied over the study area and in each scenario for the same area because of the difference in mechanical parameters (Rn, Rt, and friction angle) from one scenario to another. The highest rockfall hazard was observed from station 258.15 to 258.18 and from 258.30 to 258.40 in the first, second, third, and fourth scenarios and from 258.15 to 258.20 and 258.30 to 258.43 in the fifth scenario. Generally, the highest hazard percentage along the expressway was in the areas between stations 258. 35-258.45, 258.25-258.35 and 258.15-258.25 descending. The differences in the level of rockfall hazard are due to the difference in the spatial distribution of rockfall trajectories and their characteristics (frequency, height and energy), in addition to the difference in the values of mechanical parameters. Barrier efficiency that eliminates rockfall hazard is clearly shown in Fig. 4 . However, this efficiency varied from one scenario to another because of the difference in mechanical parameters that affected rockfall behavior in each scenario. Figure 6 shows rockfall hazard percentage along the expressway without and with the barrier. The total hazard percentage along the expressway was calculated based on the generated hazard maps in each scenario. Then rockfall hazard percentage was calculated for each area between two stations (kilometer of the expressway) by counting the raster elements in each area compared with the total number of elements along the expressway. Hazard (%) StaƟon Scenario 3 Fig. 6 The rockfall hazard along the expressway without and with barrier another. For instance, the area between station 257.95 and 258.05 was free of hazard in the first scenario, whereas it had a percentage of hazard in the other scenarios. Also, the area between stations 258.55 and 258.65 was free of hazard in the first, second, third, and fourth scenarios while it had a percentage of hazard in the fifth scenario. The barrier efficiency remedial rockfall hazard is also clear in this figure. The barrier efficiency varied from one scenario to another and the lowest efficiency was recorded in the fifth scenario because of the highest values of the mechanical parameters. However, the barrier efficiency that eliminated the rockfall hazard remained acceptable. For example, in the first scenario, the area between station 258.05 and 258.15 had a percentage of hazard, whereas in the simulation with the suggested barrier, the area was free of hazard. In the second scenario, the barrier helped to protect the areas between stations 257.95-258.05 and between 258.05 and 258.15. In the third scenario, the barrier helped to protect the area between stations 257.95 and 258.05. In the fifth scenario, the barrier helped to protect the area between stations 258.55 and 258.65. Moreover, the barrier efficiently reduced the probable rockfall hazard along the expressway in all scenarios.
Conclusion
Rockfall hazard varies both spatially and temporally; thus, eliminating such a risk is difficult. Rockfall simulation or prediction in terms of rockfall trajectories and their characteristics is a useful approach to manage rockfall hazard. In the current study, rockfall hazard assessment was conducted along a portion of the NSE in Malaysia because of the frequent occurrence of rockfall in this region. LiDAR technique was applied to capture the density and to create an accurate point cloud of the study area. Rockfall trajectories and their characteristics were derived using a 3D rockfall model integrated into GIS software based on the range of mechanical parameters (coefficients of restitution and friction angle). A spatial model in combination with the AHP approach was used to generate a rockfall hazard map in different scenarios. Thus, the rockfall trajectories and their characteristics in terms of velocity, height, frequency, and energy were determined. The rockfall hazard along the expressway was also observed and demonstrated. Moreover, barrier efficiency to eliminate rockfall hazard was recorded and presented. The results of this study lead to the following conclusions: (a) the LiDAR technique can provide a highly accurate and high-resolution DEM that can produce appropriate results of rockfall simulation, (b) the use of 3D rockfall modeling in combination with GIS can facilitate rockfall hazard assessment in terms of rockfall source identification and simulation, (c) the mechanical parameters (restitution coefficients and friction angle) strongly affect the rockfall behavior and consequently the hazard level, (d) the uncertainty caused by mechanical parameters must be considered to obtain proper outcomes of rockfall simulation, and (e) implementing AHP can assist in determining a reasonable weight for each rockfall characteristic raster that influences rockfall hazard. In addition, the occurrence of all rockfall scenarios mentioned above is possible. However, the fifth scenario is the most danger. This study can serve as a comprehensive reference in terms of rockfall trajectories and their characteristics. In addition, by presenting the worst condition of rockfall incidents, the findings of this study can assist decision makers in designing an effective mitigation method. The proposed methods can be applied in any rockfall study, especially in situations where mechanical parameters have no specific values.
